The main goal of this paper is to compare the ability of different organic solvents to desorb asphaltenes from stainless steel surfaces. The asphaltenes were extracted from a North Sea 
INTRODUCTION
A variety of problems occur in crude oil exploitation, transport and processing that can violate the regularity of the process. Normally this is related to a behavior described as flow assurance and separation. Flow assurance summarizes phenomena that can prevent the well fluids to be transported in pipes from a production site to a processing site. Since the transport can encompass large distances, large variations in temperature and pressure and different flow regimes, the most common phenomena to cause irregularities are plugging behavior originating from wax 1 , asphaltenes 2-5 and gas hydrates 6 or combinations of these. The efficient mixing of the oil and water phases either in pipe or in separator is the background for an emulsion formation. The severity of this state is highly dependent on the composition of the crude oil phase and especially so on the existence of heavy and polar components. These molecules normally termed resins and asphaltenes are indigenous emulsion stabilizers 7-9 due to their accumulation at the w/o interface. The interfacial composition and properties will highly dictate the stability of the macroscopic emulsion state.
Asphaltenes are per definition the crude oil fraction which is insoluble in n-pentane but soluble in toluene or an organic solvent in general [10] [11] [12] . The molecular structure of asphaltenes gives rise to a molecular aggregation in the bulk phase especially so for aliphatic hydrocarbons and to a pronounced adsorption onto solid surfaces like pipe walls and solid rock formation [13] [14] . In addition to their interfacial activity discussed above. Since the affinity of asphaltenes onto solid surfaces is attributed to their adsorption capacity, this is a good measure of their propensity to plug the pipe lines during transport.
In this study we used Quartz Crystal Microbalance with Dissipation (QCM-D) to study the adsorption of asphaltenes onto stainless steel surface, and also asphaltene desorption by means of selected organic solvents. The results are explained by using the concept of Hansen solubility parameters (HSP).
EXPERIMENTAL SECTION

Chemicals
The solvents and chemicals used were of analytical grade, and were used with no further purification. They were obtained from Sigma-Aldrich (hexane (≥95%); Carbon disulfide (≥99.9%); Pyridine (99.8 %); Aniline (99 %), Quinoline (98 %)), VWR (Tetrahydrofuran (≥99.7%); Xylene (98.5 %); Ethanol (96%)), Merck (Chloroform (99.2 %)) and Hellma Analytics (Hellmanex III).
Asphaltenes were obtained from a chemical free North Sea crude oil using the following procedure. The crude oil was initially preheated in an oven to 60 °C for 2 hours. Thereafter, 16 g of crude oil was sampled and 640 ml of hexane was added to it. The oil mixture was stirred overnight at room temperature. The mixture was filtered under vacuum using 0.45µm HVLP filter (Millipore) and the asphaltenes obtained were washed with n-hexane until the filtrate was colourless. Finally, the asphaltenes were dried in a dessicator using nitrogen for at least 48 hours. The elemental composition of asphaltenes is given in The quartz crystal microbalance (QCM) is a nanogram sensitive technique that measures the amount of substance adsorbed onto a coated crystal 16 . The quartz crystal oscillates at constant frequency when electric field is applied. When mass is adsorbed to the crystal, the resonance frequency changes. The mass adsorbed can be calculated from the change in frequency before and after adsorption, using the Sauerbrey equation 17 :
where Δm is the change in mass, tq ( 0.  The adsorbed mass is distributed evenly on the crystal.
 Δm is much smaller than the mass of the crystal itself (<1%).
 The adsorbed mass is rigidly adsorbed to the crystal.
The QCM also measures dissipation, which provides information about the structure and viscoelasticity of the film. Dissipation is measured from the time it takes the oscillating crystal to slow down when the power is disconnected. The dissipation factor is proportional to the power dissipation in the oscillatory system 18 :
Where, Edissipated is the energy dissipated during one oscillation and EStored is the energy stored in the dissipating system. The change in dissipation (ΔD) before and after adsorption gives information about the viscoelasticity of the layer adsorbed. A change in dissipation of less than 10 -6 indicates that the adsorbed layer is rigid, and higher ΔD values indicate a more viscoelastic layer 19 .
Crystal cleaning protocol
Quartz crystals coated with stainless steel were used for the experiments. The composition of the stainless steel coating on quartz crystal can be found elsewhere 15 . The crystals were procured from Biolin Scientific (Sweden). Prior to use, the crystal was immersed in 1%
hellmanex solution for at least one hour. Thereafter, it was rinsed with purified water and dried with nitrogen gas. The crystal was then sonicated for 10 min in ethanol, rinsed with purified water, dried with nitrogen gas and finally subjected to UV treatment for 15 min.
Asphaltene solution preparation
Three solutions of asphaltenes in xylene were prepared in 30 mL glass vials, with concentrations of 0.1 g/l, 0.5 g/l and 1.0 g/l. The samples were sonicated for 30 min after preparation to ensure that the asphaltenes were completely dissolved. If the samples were not used the same day, they were sonicated again for 10 min before starting the experiments.
QCM Measurements
A single sensor microbalance system Q-Sense E1 from Biolin Scientific (Sweden) was used for measurement. Stainless steel coated quartz crystal was placed inside the chamber of QCM.
The temperature in the chamber was maintained at 20°C. Solutions of asphaltene and xylene were injected at a flowrate of 750µl/min for 10 min.
Initially, xylene was used to obtain a baseline. This was done by injecting xylene into the chamber for 10 min and waiting until the frequency was stable (i.e., ±1 Hz variation in 10 min) after injection. The adsorption of asphaltene started with injection of 0.1 g/l asphaltene solution, followed by injection of 0.5 g/l and 1.0 g/l asphaltene solutions. Thereafter, xylene was injected to remove the loosely bound asphaltenes on the surface. Three sequences of selected solvent was then injected (the injected solvents are listed in Table 2 ). The injection of solvent (other than xylene) results in a significant shift in baseline since their density and bulk viscosity are different from xylene's. Hence xylene was once again injected at the end of the experiment to compensate for the baseline shift.
RESULTS AND DISCUSSION
Asphaltene adsorption
A typical plot obtained in a QCM experiment is shown in figure 1 . The data is presented for 5 th overtone since the system was earlier found to be sensitive to bulk flow effects at 3 rd overtone. 15 The injection of xylene at the start of experiment provides the baseline.
Thereafter, as 0.1 g/l asphaltene solution is injected, the frequency decreases due to adsorption of asphaltenes onto the stainless steel surface. Further injections of asphaltene solutions of higher concentrations (0.5 g/l and 1.0 g/l) do not result in further frequency decrease. This indicates that the surface of crystal has been saturated with asphaltenes 15, 20 .
Similarly, the dissipation change observed on injection of asphaltene solutions is close to 10 -6 , thereby indicating the formation of a highly rigid layer. Thus sauerbrey relationship (equation 1) is valid and can be used for the determination of mass adsorbed onto the surface. 
Where Γx1 refers to the mass of asphaltenes remaining after xylene wash -1 and Γ3s+x2 refers to the mass of asphaltenes remaining after 3 solvent washes and xylene wash -2. Since the mass adsorbed is proportional to frequency change, the desorption efficiency in equation 3
can be calculated directly using frequency change (Δf) values.
To investigate whether there was any permanent shift in the baseline due to adsorption of solvent to the crystal when a second solvent was injected, experiments with only solvents and xylene were also conducted. In this case, xylene was used to find the baseline. After that, one of the solvents was injected, followed by injection of xylene again. The baseline shifted back to normal (Δf = [-1 Hz, 1 Hz]) after the second injection of xylene and hence it was concluded that there was no permanent shift due to adsorption of solvent.
The values presented are the average of at least 2 parallels. It must be noted that some QCM experiments were not used as the asphaltene adsorbed amounts before or after the 1 st xylene washing deviated significantly from other parallels (outliers). 3 experiments over a total of 19
were not considered in the following. These outliers were most likely due to contamination of crystals or due to the fact that the crystals have been used and washed with powerful cleaning solvents too often. As a consequence, new crystals were regularly used.
The comparison of desorption efficiency of different solvents is given in table 2. Among the solvents, pyridine exhibited the highest desorption efficiency (~70%) followed by chloroform (~58%). Aromatic solvents interact with the asphaltenes by replacing the π-π interactions among asphaltenes molecules thereby solubilizing them. Similarly, solvents with presence of heteroatoms and polar groups are expected to be good asphaltene dissolvers. 21 Even though carbon disulphide (CS2) contains heteroatom sulfur, it was less effective in removing asphaltenes. This could be due to it being a non-polar solvent. Solubility parameters allow us to predict if a substance will dissolve in another. A solid will most likely dissolve in a liquid with similar solubility parameters, and two liquids with similar solubility parameters tend to form a homogenous mixture. 22 The Hildebrand solubility parameter (δ) is defined by:
Where, v and E refer to the molar volume and the cohesive energy density of the solute/solvent. The cohesive energy density consists of three types of interactions:
 Dispersion interactions (ED) due to van der waals attractive forces  Permanent dipole-permanent dipole interactions or polar cohesive energy (EP)
 Hydrogen bonding (EH)
The different contributions of cohesive energy densities add up to give the total cohesive energy density:
In terms of solubility parameters, equation 5 can be written as
The subscript D, P and H refer to the contribution of dispersion forces, polarity and hydrogen bonding components to the solubility parameter. An equation for solubility parameter distance (Ra) between two materials was developed by Skaarup 22 and is given by:
Where, subscripts 1 and 2 represent solute/solvent 1 and 2. A smaller Ra results in a higher solubility because the cohesive energy from the three sources is similar for the two substances.
Several studies have dealt with determining the solubility parameters of asphaltenes mostly using the solubility sphere method based on experimental determination of the solubility or non-solubility of asphaltenes in various solvents with known solubility parameters [23] [24] [25] . By Fossen et al. 26 used another method to determine the HSP for crude oils and SARA fractions including asphaltenes. They recorded the IR and NIR spectra for a set of solvents and binary solvents with various polarity and functional groups. Then they correlated the HSP to their respective IR and NIR spectra by multivariate analysis to build up a calibration curve. Due to this calibration, the HSP for crude oils and SARA fractions were determined by measuring their spectra. The values for asphaltenes from a set of 20 fractions vary from 15.0 to 15. The HSP of the solvents with the corresponding asphaltene desorption (from table 3) can be visualized in a 3D bubble plot as shown in figure 3 . The size of the bubbles is proportional to the asphaltenes desorbed. 
Where K is a constant, and the subscripts asp and sol refer to asphaltenes and solvent respectively. In order to estimate the HSP values of asphaltenes, the equation 8 was minimized to give the best fit. Thus the following HSP were obtained for asphaltenes: δD,asp = 18.6 MPa 1/2 , δP,asp = 6.6 MPa 1/2 and δH,asp = 3.9 MPa 1/2 . The constant K = 9.8 minimized the equation 8. The model fits perfectly for all solvents except quinoline as shown in figure 4 .
The model predicts that asphaltene desorption using quinoline should be around 8% higher than experimentally observed. However, considering the accuracy of measurements (the reproducibility is given in table 1), the model gives excellent prediction for THF, aniline and CS2 while the fit is within the experimental deviation values for chloroform and pyridine. It can be noticed that the HSP determined in this article from desorption measurements are close (even if δP,asp is higher) to the ones determined from solubility measurements and summarized in section 3.3.1. This similarity is consistent: a good solvent would tend to induce the desorption of more asphaltenes even if specific interactions between asphaltenes and solid surface must be taken into account. In order to validate the model, a mixture of solvents pyridine (60 vol%) and chloroform (vol%) was selected. The solubility parameter of the solvent mixture was calculated based on
Where, subscript i represents the three partial interactional forces (dispersion D 
CONCLUSION
A selection of solvents was tested to desorb asphaltenes from a stainless steel surface. Of the solvents tested (THF, chloroform, pyridine, aniline, CS2 and quinoline), pyridine gave the highest asphaltene desorption, with an average desorption of 70% (by weight). The non-polar CS2 was the least effective with an average desorption of only 18% (by weight), thereby indicating the importance of solvent polarity in effective asphaltene desorption. The Hansen solubility parameters (HSP) of the asphaltenes (δD,asp = 18.6 MPa 1/2 , δP,asp = 6.6 MPa 1/2 , and δH,asp = 3.9 MPa 1/2 ) were estimated using a model, which is also capable of predicting the desorption capability of solvents. The proposed model was validated for a binary solvent mixture and was found to be robust.
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